ABSTRACT This paper investigates the hierarchical path following control of a fully submerged hydrofoil vessel (FSHV) in the presence of additive disturbances. Roll dynamics is particularly considered for planar path following in both kinematics and rigid-body dynamics. A coordinated turn aided line-of-sight (LOS) guidance methodology is proposed for the guidance system design. In this approach, an adaptive LOS guidance algorithm is presented to calculate the command course angle. An adaptive estimator is designed to estimate the sideslip angle caused by the drift forces of ocean currents. The command bank angle is calculated based on the dynamics of the cross-track error and the coordinated turn constraint, which highly improves the maneuverability of the FSHV. A robust integral of the sign of the error feedback control is proposed as the autopilot to cope with attitude tracking of the lateral dynamics. The cascade characteristics of the guidance system and the autopilot are discussed; uniform asymptotic stability of the overall closed-loop system is achieved via cascade system theory. Simulation results validate the effectiveness of the hierarchical control strategy, and disturbance attenuation can be guaranteed for the composite guidance and control of the FSHV.
I. INTRODUCTION
As an advanced marine surface vessel, the fully submerged hydrofoil vessel (FSHV) offers superior maneuvering performance in rough sea conditions. When the vessel cruises at a high speed, the lift force of the hydrofoils generated by the high-speed fluid can elevate the ship hull from the sea, which highly attenuates the wave resistance of the ship. Due to its unique configuration, coordinated turning maneuvering can be introduced such that amenity and maneuverability can be further improved.
In contrast to conventional marine vessels, the whole mass of the FSHV is supported by the hydrofoils. Thus the hull cannot provide restoring forces and moments, and the static stability cannot be guaranteed. High performance control of the autopilot system is a necessary component for the path following of the FSHV [1] . The control system currently implemented on board is based on optimal control theory, which is not robust against the complicated disturbances caused by wind, currents and sea waves [2] . In addition, according to [3] and [4] , when ships maneuver at low speed, the steering model can be simplified as a second order singleinput-single-output (SISO) system. However, for high-speed vessels such as the FSHV, the nonlinear coordinate transformation and the strong coupling in lateral dynamics cannot be neglected. These existing problems increase the complexity of the path following control design for the FSHV.
In the autopilot design of advanced marine surface vessels, the longitudinal motion control usually operates independently of the steering control system since there is little coupling between vertical dynamics and lateral dynamics. Most of the existing literature focuses on the riding control design of the FSHV [2] , [5] , [6] . There is little research on guidance and control for the lateral dynamics of the FSHV. In [7] and [8] , observer based control methodologies are presented for robust course keeping of the FSHV. This paper emphasizes the robust path following control of the FSHV.
The path of marine surface vessels is usually a straight line or a set of straight lines formed by waypoints in the open sea [9] . The objective of path following control on a horizontal plane for marine surface vessels is to maneuver the vessels to follow a predefined planar path without time information. The line-of-sight (LOS) guidance law is one of the most popular and effective algorithms for path following problems and was first applied to marine surface vessels in [10] and [11] . This method develops an LOS vector pointing at a virtual way point between two adjacent way points, which drives the ship to the command path asymptotically. With the wide applications of robotics and unmanned systems, the high task complexity of unmanned marine systems is increasing the significance of high precision path following. To make a robust convergence for the kinematics, an integral LOS guidance is developed in [12] and [13] to attenuate the sideslip angle caused by the currents. This method ensures the robustness of the guidance system, but the conservation of the guidance law of P-I type needs to be further discussed. In [14] , an adaptive law is designed to estimate the slow-varying sideslip angle caused by the drift forces of ocean currents. In this classical adaptive method, the adaptive law is designed by eliminating the parameterdependent items from the derivative of the Lyapunov function. The estimate error is only guaranteed to be bounded, but the internal dynamics of the adaptive estimator is unknown. In [15] , a reduced order extended state observer (ESO) is used to compensate the time-varying sideslip angle. Input-to-state stability (ISS) can be guaranteed in the estimate error. The closed-loop stability of the guidance system is determined by the derivative of the disturbances, but the cascade stability analysis of the overall guidance system needs further discussion.
The roll dynamics is usually not considered explicitly for conventional guidance and control of marine surface vessels, but roll constraints have significant impacts on both kinematics and rigid-body dynamics. To improve the amenity and enhance the effectiveness of onboard instruments, a coordinated turn is applied for turning the FSHV instead of a flat turn like conventional ships. In this case, both yaw and roll dynamics are taken into account for guidance and control. However, the traditional LOS guidance algorithm is not satisfied with this qualification since the 3 degree-offreedom (DOF) (surge-sway-yaw) model is not suitable for the system features of the FSHV.
For the nonlinear maneuvering problem, a series of control methodologies have been explored. Modified sliding mode control is proposed for path following of underactuated marine vessels [16] , [17] , but the control input still suffers from the chattering phenomenon. High order sliding mode control design requires higher order derivation of system states, which increases the difficulty for control engineering practice [18] , [19] . Adaptive robust control [20] - [23] , guarantees the system to acquire desired output tracking performance even with unknown system parameters or unmodeled dynamics. Disturbance rejection control, such as ESO based control [15] , [24] and disturbance observer (DOB) based control [25] - [29] , provides an active way to handle disturbances and has been shown to be effective in many different fields such as manipulator control [25] , [26] , missile guidance and control [27] , [28] , etc. However, traditional DOB cannot be used in nonlinear dynamics due to the limitations of linear system theory; the low pass filter must be designed strictly so that the disturbance estimate can be guaranteed [29] . For the robust maneuvering of marine vessels, the system disturbances caused by wind and sea waves are difficult to estimate. The wave disturbance forces and moments are stochastic and the disturbance frequency is time-varying since the encounter angle between vessels and sea waves is time-varying in rough sea conditions [3] . This increases the complexity and conservatism of DOB based control. In [30] - [33] , a robust integral of the sign of the error (RISE) feedback strategy is presented for the tracking control of SISO dynamic systems and achieves asymptotical stability with structured and unstructured uncertainties. Yet controllers using RISE feedback implemented in multi-inputmulti-output (MIMO) systems, especially in applications of guidance and control for advanced marine vessels, are rarely presented.
In this paper, a hierarchical control structure is established for path following of the FSHV. The proposed control methodology guarantees the robustness of path following with complex disturbances caused by wind, currents and waves. The main contributions are as follows.
1) Disturbance attenuation is obtained for the path following control of the FSHV in both kinematics and rigid-body dynamics via hierarchical robust control strategies.
2) Based on the model characteristics of the FSHV, a coordinated turn aided adaptive LOS guidance algorithm is introduced to calculate the command course angle as well as the bank angle. This guidance method combines the LOS algorithm together with the coordinated turning dynamics, so that the requirement of mobility of the FSHV can be guaranteed.
3) A novel adaptive estimator is designed to compensate for the sideslip angle caused by the drift force of the ocean currents. Uniform asymptotic stability of the guidance system subject to the sideslip estimator is obtained based on ISS theory. 4) To track the command attitude generated from the guidance system, a MIMO RISE feedback control is proposed for autopilot design, which guarantees robust attitude tracking with continuous control output in the presence of composite disturbances.
5) A cascade structure is developed for the overall closedloop system of the FSHV with unique trigonometric transformations such that the interconnection of the guidance system and autopilot system can be clearly analyzed using cascade system theory.
The rest of the paper is organized as follows. Section II gives a brief introduction of the FSHV and clarifies the control objective of the path following problem. In Section III, a coordinated turn aided adaptive LOS guidance law is established, in which an adaptive estimator is developed to compensate for the sideslip angle caused by the drift forces of ocean currents. A MIMO RISE feedback controller is designed for desired tracking performance of the autopilot. In Section IV, the cascade stability of the composite guidance and control system is analyzed using Lyapunov stability theory. Simulation results in Section V validate the effectiveness VOLUME 5, 2017 of the proposed approach, followed by the conclusion and future works in Section VI.
II. PROBLEM FORMULATION
A typical configuration of a fully submerged hydrofoil vessel is shown in Fig. 1 [2] . The T-shaped bow foil is equipped with two synchronous flaps. The aft foil has a pair of central flaps and two pairs of ailerons. The struts of the aft foil are equipped with rudders, which are used for roll and yaw dynamics together with the ailerons. The bow foil and the central part of the aft foil are for longitudinal motion control. Fig. 2 [4] shows the geometry of the LOS guidance problem. For an FSHV located at the position (x, y), the cross-track error y e is defined as the orthogonal distance from the current location to the pedal point (x p , y p ) on the path [4] . Similarly, the forward-track error x e is also defined. The path-tangential reference frame is rotated an angle γ p using the rotation matrix R(γ p ) ∈ SO(2) as
A. KINEMATICS OF THE PATH FOLLOWING PROBLEM
where γ p is the path-tangential angle and R(γ p ) is defined as
Rewriting (1) in the algebraic form, we get the cross-track error in a more intuitive way as
For a straight line between two waypoints, the path-tangential angle γ p = arctan 2(y k+1 − y k , x k+1 − x k ) is constant, where x k , y k , x k+1 , y k+1 are the coordinates of waypoints k and k+1. The 4-DOF kinematic equations of the FSHV are presented asẋ
where ψ is the yaw angle, φ is the roll angle, and u, v, r and p represent the surge, sway, yaw and roll velocities.
Taking the derivative of y e with respect to time, we geṫ
Since y − y p = − 1 tan(γ p ) (x − x p ) andγ p = 0 for a straight line path between two adjacent waypoints, the terms in the last bracket in (7) are zero. Based on the calculation of γ p for a straight line, we havė
Substituting (3) and (4) into (7) yieldṡ
wherev = v cos φ is the projection of sway velocity v of a rigid-body to the horizontal plane, U = √ u 2 +v 2 is the total speed and β s = arctan 2(v, u) is the sideslip angle. Although the sideslip angle caused by drift forces is relatively small (typically less than 5ř), it does have a negative effect on the accuracy of path following control for the vessel.
To separate β s for the following control design, (9) is expanded aṡ
By using the approximations cos β s ≈ 1 and sin β s ≈ β s , it can be obtained thaṫ
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1) Flat turn. The control objective of this turning mode is to drive the heading angle to track the command course angle and stabilize the roll angle to zero during a turn using rudder and aileron. This mode is similar to the turning method of conventional marine surface vessels. The drawback is that the FSHV does not obtain static stability of the roll dynamics. The flat turn may thus cause a large oscillation effect of the roll loop and a large sideslip angle, which is definitely harmful to the structure of the struts. 2) Coordinated turn. The control objective of this turning strategy is banking the FSHV to a command bank angle related to the turning rate using the rudder and aileron. This method yields relatively high turning rates, which is independent of directional stability and keeps the sideslip angle of the struts as small as possible. This turning strategy is currently the preferred method for the FSHV. In this paper, the coordinated turn is considered in the guidance system design so that a composite LOS guidance algorithm can be specialized for the FSHV. This turning strategy creates the smallest transverse forces on the struts. Fig. 3 illustrates the forces in the coordinated turn condition with a bank angle φ [34] . Since the transverse forces on the struts are relatively small, they are neglected in Fig. 3 . The lift forces F L on the foils are assumed to be acting through the center of gravity of the vessel. In the steady state of the coordinated turn, the vessel has a constant speed U and performs the turn with a constant radius. A centrifugal force F c = mUψ acts on the vessel. According to [34] , the balance of vertical and transverse forces leads to the following conditions
where m is the mass of the vessel, g is the acceleration of gravity, F L is the lift force generated by the hydrofoil system, φ is the bank angle, andψ is the turning rate. According to (12) , (13), the turning rate is given bẏ
FIGURE 4. Body-fixed and earth-fixed reference frames.
B. KINETICS OF THE FULLY SUBMERGED HYDROFOIL VESSEL
For motion control of marine vessels, it is convenient to define a body-fixed coordinate frame and an earth-fixed coordinate frame as shown in Fig. 4 . The origin of the bodyfixed frame is usually located at the center of gravity (CG). According to [3] and [4] , a 4-DOF (surge-sway-roll-yaw) body-fixed model of the FSHV is proposed as
where m is the mass of the vessel; Xu, Yv, Kv, Kṙ , Kṗ, Nv, Nṙ , Nṗ are the added masses and added moments of iner-
are control moment coefficients of rudder and aileron; and δ R and δ A represent the rudder angle and aileron angle of the hydrofoil system. The surge speed for marine vessels is usually controlled by an individual propulsion system. In the contouring mode for the FSHV, the surge speed is always kept as a fixed value of u 0 ≥ 40knots(20.58m/s). Since the underactuated problem is not the primary coverage for the autopilot, the sway dynamics can be neglected for the design of the autopilot. Therefore, a 2-DOF nonlinear maneuvering model of the FSHV [3] , [4] is established as
In ( 
T is the gravity item, where W = mg is the weight and GM T is the transverse metacenter height [3] .
T is the control input, where δ R and δ A represent the rudder angle and aileron angle of the hydrofoil system respectively. τ d ∈ R 2 is the generalized disturbance caused by waves, currents and unmodeled dynamics.
Remark 1: For a rigid body moving at a forward speed U ≥ 0 in ideal fluid, the inertia matrix M is symmetric and positive definite [4] , [22] , i.e. Kṙ = Nṗ.
By substituting the first sub-equation of (16) into the second one, the lateral dynamics of the FSHV can be rewritten asMη
The control objective is to maneuver the FSHV onto the desired path using the coordinated turn aided LOS guidance algorithm. Both the kinematics loop and kinetics loop are to be designed with disturbance attenuation performance so that the robust convergence of the cross-track error can be guaranteed. The control structure of the proposed control methodology is shown in Fig. 5 . To facilitate the subsequent control design, the following assumptions are needed.
Assumption 1: The sideslip angle β s is a slowly timevarying variable such thatβ s ≈ 0.
Remark 2: Since the ocean current changes slowly, the sideslip angle caused by the drift forces can be regarded as constant [4] , [12] . The dynamics of β s will be much slower than the control bandwidth and thus the adaptive estimator will track the changes.
Assumption 2:
The composite disturbance τ d and its first two time derivatives are bounded.
Remark 3: Many species of disturbance terms satisfy this assumption including wind disturbances, wave disturbances, ocean currents, etc. when simple bounding assumptions are imposed. The model uncertainties depend on the system states, which can also be reasonably treated as bounded items.
III. GUIDANCE AND CONTROL DESIGN A. COORDINATED TURN AIDED ADAPTIVE LOS GUIDANCE ALGORITHM
Since the path tangential angle γ p and cross-track error can be calculated based on positions of the way points, if the sideslip angle can be estimated, the command course angle can be obtained as
where is the look-ahead distance,β s is the online estimate value of β s , and α(y e ) is a continuous scalar function that will be designed later.
Based on the approach of immersion and invariance control theory [35] - [37] , the adaptive update lawβ s and the auxiliary function α(y e ) are designed aṡ
where γ is a positive scalar constant, and f (y e ), ϕ(y e ) are defined as
Lemma 1: Given the adaptive estimator defined in (19) - (22), with the properly designed updating gain, the estimate error of the sideslip angle can converge to zero asymptotically.
Proof: See Appendix A for details. The stability of the adaptive sideslip angle estimator is analyzed in Lemma 1. In the next, the relationship of y e and e β is discussed.
By substituting (18) into (10), it is obtained thaṫ
Utilizing the following trigonometric transformation
cos(tan
and assuming cos(e β ) ≈ 1 and sin(e β ) ≈ e β , we havė
Lemma 2: Consider the dynamics of the cross-track error in (26) with the course guidance law in (18) . If the dynamics of the cross-track error has a uniformly asymptotically stable (UAS) equilibrium point at the origin y e = 0 when e β = 0, then the system (26) is input-to-state stable (ISS) with respect to e β .
Proof: See Appendix B for details. Theorem 1: Consider the dynamics of the adaptive estimator in (19) , (20) and the cross-track error in (26) . If the estimate error dynamics is UAS, the overall interconnected system with respect to y e and e β is UAS.
Proof: See Appendix C for details.
To obtain the command bank angle of the FSHV, take the derivative ofẏ e in (9) as
Considering the coordinated turning condition and substituting (14) into (27) yields
Define the Lyapunov function V 3 = 1 2ẏ 2 e and differentiate it with respect to time to obtaiṅ
The desired bank angle is calculated as
where k 1 is a positive constant. Then, it yields thaṫ
Therefore, the guidance subsystem for the coordinated turn dynamics is UAS at the equilibrium pointẏ e = 0.
B. AUTOPILOT DESIGN FOR THE FSHV
In this section, a RISE feedback control is proposed for the autopilot design of the FSHV. According to Fig. 5 , the desired course angle and bank angle are the command input of the autopilot subsystem, which are calculated via the guidance subsystem. The task of the autopilot is to ensure that the lateral dynamics of the FSHV asymptotically track the guidance command. To qualify this control objective, a tracking error e 1 ∈ R 2 is defined as
where
Two auxiliary tracking errors e 2 , r ∈ R 2 are defined as
where c 1 , c 2 ∈ R + are constant parameters.
Remark 3:
The auxiliary variable r is just used for stability analysis and is not applied in the controller since acceleration information exists in r, which actually cannot be measured.
Premultiplying (34) byM and based on the notations in (32)-(34) , the open loop error system can be expressed as
Two auxiliary functions f d and S are defined as
. (37) Then, (35) can be rewritten as
The system control is designed as
where k e , k s ∈ R are positive gain parameters. Substitute (39) into (38) , take the time derivative, and we havē
Define auxiliary variablesÑ and N d as
Then, (40) can be rewritten as
Using (32), (33) and the mean value theorem, we can obtain
where ρ(·) is a positive, globally invertible, nondecreasing function [30] and z ∈ R 3×2 is defined as
Assuming that the generalized disturbance and the guidance command input are sufficiently smooth, the following inequalities can be obtained
where ζ 1 , ζ 2 ∈ R + are known constants.
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Define χ(z, P) ∈ R 3×2+1 as
where P(e 2 , t) ∈ R is defined as the Filippov solution to the following differential equation
where the subscript i = 1, . . . , n denotes the ith element of the vector. Accordingly, P can be further expressed as
where the auxiliary function L(t) ∈ R is defined as
If the robust gain parameter k s satisfies
the following inequality can be obtained
which concludes that P(t) ≥ 0. Theorem 2: Given the lateral dynamics of the FSHV in (17) , if the following conditions hold
the control law designed in (39) ensures uniformly asymptotic stability (UAS) of the autopilot for the command tracking generated by the guidance system in the sense that e 1 (t) → 0 as t → 0.
Proof: See Appendix D for details.
IV. CASCADE STABILITY ANALYSIS
In this section, the stability of the overall system is analyzed to show the interconnection between the kinematics and the rigid-body dynamics of the FSHV. The path following system of the FSHV forms a cascade structure. The driving system is the autopilot since the convergence to the command attitude affects the stability of the guidance system via the attitude tracking error e 1 in (32). The guidance system perturbs the autopilot system as well because the inertia of the FSHV prevents the attitude angle from perfectly tracking the time-varying angle command, and the cross-track error and its derivative appear in the closedloop lateral dynamics. Before proceeding with stability analysis, we first transform the path following system into a standard cascade structure.
The attitude tracking error dynamics acts upon and prevents the kinematics from becoming equal to the command state. To show how this, by using trigonometric function transformation, (10) can be rewritten aṡ
whereψ = ψ − ψ d is the heading error. By using the method similar to (52), (28) can be rewritten asÿ
To clearly describe the interconnection of the cascade system, we introduce the following notations
such that the state variables are described uniformly and conveniently for the stability analysis. Based on the newly defined system states, (52) and (53) can be rewritten into a vector form aṡ
where F 1 (t, ϑ) and G 1 (t, ϑ 1 , ϑ 2 ) are defined as
The steering model of the FSHV in (17) can be rewritten into a standard second-order tracking error model [29] , [32] as
The kinematic equation in (54) and the attitude error dynamics in (57) can be integrated as a cascade system as
2 :
To analyze the cascade stability of (58), the following lemma is invoked for convenience. Lemma 3 [39] : Consider the stability analysis problem for a time-varying cascade system
T , the function f 1 (t, x 1 ) is continuously differentiable in (t, x 1 ) and f 2 (t, x 2 ), g(t, x) are continuous in their arguments, and locally Lipschitz.
If Assumptions A1-A3 below are satisfied, the cascade system (59) is globally uniformly asymptotically stable.
A1) The system f 1 (t, x 1 ) is global uniformly asymptotically stable with a Lyapunov function V (t, x 1 ), V : R ≥0 × R n →: R ≥0 positive definite (that is V (t, 0) = 0 and V (t, x 1 ) > 0, ∀x 1 = 0) and proper (that is, radially unbounded), which satisfies
We also assume that (∂V /∂x 1 )(t, x 1 ) is bounded uniformly in t for all x 1 ≤ µ. That is, there exists a constant c 2 > 0 such that for all t ≥ t 0 ≥ 0,
A2) The function g(t, x) satisfies
where θ 1 , θ 2 : R ≥0 → R ≥0 are continuous. A3) Equationẋ 2 = f (t, x 2 ) is globally uniformly asymptotically stable and for all t 0 ≥ 0
Theorem 3: Given the guidance law designed in (18)- (20) and (30), together with the lateral attitude tracking controller in (39), the cascade system (58) renders UAS at the equilibrium point ϑ = 0.
Proof: See Appendix E for details.
V. SIMULATION
In this section, a 3-DOF (sway-roll-yaw) nonlinear model of a FSHV [2] , [7] is applied to validate the performance of the proposed path following control strategy. The sway dynamics is used to evaluate the sideslip compensation and the effectiveness of the proposed control strategy designed based on the reduced 2-DOF model. The physical parameters of the FSHV are given in Table I . To sufficiently simulate the wave disturbances for the rigid-body of the FSHV, the Pierson-Moskowitz (PM) spectrum is selected as the standard wave energy spectrum [3] , [4] , which can be expressed as
where A = 8.1 · 10 −3 g 2 , B = 3.11H −2 1/3 , and H 1/3 is the significant wave height [4] . 
where U is the sailing speed, and β w is the wave-to-course angle. Therefore, the wave energy spectrum related with the encounter frequency is
According to the strip theory and equivalent energy division method, the disturbance moments of the lateral dynamics of the FSHV can be calculated [3] .
The desired straight path is generated by two waypoints: angle compensation is carried out for the comparison. And the RISE based autopilot is demonstrated in contrast of the backstepping sliding mode control (BSSMC). Accordingly, four cases are assigned as follows:
Case 1: CTLOS + RISE with a small initial cross-track error.
Case 2: CTLOS + RISE with a large initial cross-track error.
Case 3: SLOS + BSSMC with a small initial cross-track error.
Case 4: SLOS + BSSMC with a large initial cross-track error.
In the SLOS guidance approach, the command course angle is designed as The command bank angle is set to zero, namely, a standard control mode of roll stabilization as
(68) Fig. 6 shows the path following performance of the proposed approach on the horizontal plane and Fig. 7 shows the guidance procedure of the SLOS algorithm. Fig. 6 and Fig. 7 indicate that the CTLOS path following has a better transient process. With sideslip compensation, there is no overshoot during the guidance procedure, while there is a regulating time using the SLOS algorithm with a large initial cross-track error. Fig. 7 depicts the contrast in a more expressive manner. For conventional marine surface vessels, the disadvantage of the SLOS is not so obvious since the surge speed is much lower than that of the FSHV. For the FSHV, in contrast, the instability of the lateral dynamics is more sensitive to the transient state of the controller. We can see in Fig. 8 and Fig. 9 that the CTLOS attenuates the drift forces caused by 21480 VOLUME 5, 2017 the current and achieves high precision for the stabilization of the cross-track error. The introduction of the coordinated turn constraints optimizes the dynamic quality of the yaw and roll loop. Fig. 10 illustrates the estimation of the sideslip angle caused by the drift forces. The proposed adaptive estimator can precisely converge to its true value. Although the estimator is not designed to track a time-varying sideslip angle, it is worth noting that the estimator still can track the stepping change of β s at the time t = 100s. Specially, wave disturbances are carried out for the 3-DOF model, which means that there is a stochastic component in the sway velocity besides the constant part caused by the drift forces of ocean currents. Therefore, the robustness of the proposed adaptive sideslip angle estimator can be further verified. During the period t ≤ 50s, there is an overshoot and regulating process because the cross-track error is an important state of the adaptive estimator. Because of the relative positions of the FSHV and the waypoints, the initial cross-track error is large. Comparing the sideslip angle estimation of Case 2 with that of Case 1, we can see that the regulating time is reduced significantly by setting the starting waypoints near the current position of the FSHV. Fig. 11 to Fig. 14 illustrates the performance of the RISE based autopilot. The RISE based autopilot can track the desired attitude with high accuracy. Compared with the BSSMC shown in Fig. 15 to Fig. 18 , the proposed RISE feedback autopilot has a lower steady state error, which validates the disturbance rejection performance of the RISE feedback control. Since coordinated turn dynamics is applied in Case1 and Case 2, a moderate response is achieved in the roll loop. According to Fig. 15 and Fig. 17 , using the coordinated turn dynamics, banking the FSHV in conjunction with steerable struts, namely, with the strut rudders, enables relatively higher turn rates independent of the directional stability while keeping the sideslip angle of the struts to a small value. The classical turning method for marine surface vessels, steering the vessel using rudders, is inversely proportional to the degree of directional stability inherent in the vessel. This method of turning creates sideslip angles on the struts which may cause damages to the FSHV. In addition, the traditional method of turning leads to large roll motion, which is adverse to ship maneuvering and may cause capsizing. In this turning strategy, the control for the roll dynamics is the same as the roll stabilization for conventional marine surface ships. Because of the interconnection of roll and yaw dynamics and the efficiency of the actuators, a large roll angle during course changing is inevitable, which is the inherent characteristic of marine vessels. Moreover, this turning method also causes large sideslip motion. The sway force and the centrifugal force may cause damage to the struts of the FSHV and onboard instruments. Fig. 16 and Fig. 18 show the conventional turning strategy for the task of path following. The roll motion is much larger than that of the coordinated turn. Since the roll inertia is much smaller than the yaw inertia and there is not enough restoring buoyancy for the roll dynamics, the proposed approach clearly has better disturbance attenuation performance than the BSSMC. The root-mean-square (RMS) tracking errors of the lateral dynamics are also numerically represented in Table II , which illustrates that the proposed control strategy offers higher tracking precision than the BSSMC. In the CTLOS guidance algorithm, the coordinated turn is particularly considered during guidance law design, which indicates that both yaw and roll constraints are taken into account for the path following control design. For the SLOS guidance algorithm, only yaw dynamics is considered for guidance law design and the command bank angle is simply assigned to be zero. Therefore, the severe roll motion also leads to large RMS tracking error for the roll dynamics. Fig. 19 and Fig. 20 demonstrate the control inputs of the two control methods. Input saturation exists in the rudder and aileron using the SLOS guidance algorithm and the BSSMC based autopilot. From this perspective, the introduction of the coordinated turn dynamics can also eliminate the actuator saturation. Fig. 19 illustrates that the BSSMC method suffers severely from the chattering phenomenon. Although there are several solutions to suppress chattering such as the saturation function and the hyperbolic tangent function, control precision and the disturbance rejection performance decrease when using those methods. According to Fig. 20 , the actual control inputs are continuous since the switching item exists in the derivative of the RISE controller, which satisfies the dynamic performance indexes of the servo system. To further analyze the energy consumption of the different control methodologies, one cost function is defined as
, [41] , where u is the control input and T = 150s denotes the simulation time. Fig. 21 and Fig. 22 show the bar graphic visualizations of the energy consumption index of different cases for comparison. The energy consumption of the CTLOS+RISE proposed in this paper is relatively minimal while much more energy is consumed to achieve the desired tracking performance in the SLOS+BSSMC approach. According to Fig. 19 , amplitude saturation exists in the initial stage of the simulation. The amplitude saturation is also represented in Fig. 21 and Fig. 22 . During 50-150s in the simulation, the RISE based autopilot exhibits low energy consumption to acquire a higher precision for the stabilization of the cross-track error. Due to the chattering phenomenon, the energy consumption index of the BSSMC is much higher, which also indicates the drawback of the BSSMC.
VI. CONCLUSION
This paper investigates the robust path following problem of the FSHV. A novel guidance algorithm with roll constraints is proposed with a robust autopilot designed for the lateral dynamics of the FSHV. A coordinated turn aided LOS guidance algorithm with adaptive sideslip angle compensation is established. The coordinated turn dynamics of the FSHV for path following control drastically attenuates the roll motion of the vessel and optimizes the maneuvering behavior. The sideslip angle estimator helps to improve the precision of the cross-track error stabilization. In the autopilot design, a RISE feedback control strategy is applied for the lateral dynamics of the vessel. This approach guarantees that the roll and yaw motion can precisely track the guidance signal in the presence of additive disturbances. Uniform asymptotic stability of the hierarchical system is achieved via Lyapunov stability theory and cascade system theory. Comparative simulation results validate the effectiveness and feasibility of the proposed guidance and control methodology. Future work includes parameter optimization for curved path following such that conservation can be reduced for the guidance system. For coordinated turn dynamics, the relationship between the look-ahead distance and the maximum bank angle can be considered so that a time-varying look-ahead distance can be applied to increase the maneuverability of the FSHV. Moreover, a hardware-in-loop simulator is to be implemented so that further experiments can be arranged to verify the effectiveness of the proposed methodology.
APPENDIX

A. PROOF OF LEMMA 1
Define the estimate error as
The Lyapunov function can be designed as
Differentiate V 1 with respect to time, and it yieldṡ
Substitute (19) into (71), and together with (20) , it can be obtained thaṫ
Hence, uniform asymptotic stability can be guaranteed for the estimate error e β .
B. PROOF OF LEMMA 2
If e β = 0, (26) becomeṡ
Define the Lyapunov function as V 2 = 1 2 y 2 e for (73), and take the derivative with respect to time, then it yieldṡ
Hence, the origin y e = 0 is a uniformly asymptotically stable (UAS) equilibrium point. Consider system (26) , and regard e β as the system input. Define the ISS-Lyapunov function V ISS = 
where 0 < ε < 1. Then, it yieldṡ
According to Theorem 4.19 of [38] , by choosing α o1 (l) = w 1 l 2 , α o2 (l) = w 2 l 2 and ρ o (l) = ε l, where α o1 , α o2 are class K ∞ functions and ρ o is a class K function, it follows from (77) that there exist a class KL function σ o and a class K function γ o , such that
Then, it can be concluded that system (26) is ISS with 
Based on Lemma 2, if e β is regarded as the input of (26), (26) 
globally, where t 0 ≤ s ≤ t, ξ 1 , ξ 2 are class KL functions and γ 1 is a class K function. Set s = (t 0 + t)/2 and substitute it into (79) to obtain
To estimate y e ((t 0 +t)/2), set s = t 0 and replace t by (t 0 +t)/2. Then, it yields y e t 0 + t 2 ≤ ξ 1 y e (t 0 ) ,
Using (81), we have
Substituting (83)- (85) into (82) and utilizing the following inequalities
we can obtain
Obviously, ξ is a class KL function for any l ≥ 0. Then, the equilibrium point h = 0 is UAS.
D. PROOF OF THEOREM 2
Define the following Lyapunov function as
which satisfies the following inequality
where U 1 (χ ), U 2 (χ) ∈ R are positive definite functions defined as
Differentiating V 4 with respect to time yieldṡ According to the procedure of the control design,V 4 can be further expanded aṡ 
By using Young's inequality [21] , [31] , [33] for the term 4k e r ρ( z ) z to cancel −4k 2 e r 2 , the expression in (95) can be reduced tȯ 
where λ = min{c 1 − 
where c 4 ∈ R is a positive constant. According to the inequalities in (92) and (96), we can prove that V 2 (y, t) ∈ L ∞ , thus e 1 ,e 2 ,r ∈ L ∞ . The closed-loop error system can be utilized to guarantee that the remaining signals are bounded and the definition of U (χ ) and z(t) can conclude that U (χ ) is uniformly continuous. According to [38, Th. 8.4 ], c 4 z 2 asymptotically converges to zero as t → ∞. Based on the definition of z(t), it can be concluded that e 1 (t) asymptotically converges to zero uniformly as t → ∞.
E. PROOF OF THEOREM 3
The proof consists of showing that the three assumptions of Lemma 3 [39] are satisfied.
Assumption A1: Based on Theorem 1 and the analysis in (28)- (31), it can be concluded that the system U sin(ψ d − γ p + β s ) in (55) and g sin[γ p + tan −1 (ẋ˙y )] tan φ d in (56) are UAS respectively with the guidance law proposed in (18) and (30) .
Define σ = ϑ T 1 , e β T and select a Lyapunov function for the subsystem F 1 (t, ϑ 1 ) in 1 as
From Section III-A, with the guidance law proposed in (18)- (20) and (30), the system F 1 (t, ϑ 1 ) is UAS at the equilibrium point σ = 0. According to the converse Lyapunov theorem [38] , it can be concluded that there exist two continuous positive definite functions W 1 (σ ), W 2 (σ ) which satisfy
where µ 1 , µ 2 , µ 3 are positive constants. Therefore, the system F 1 (t, ϑ 1 )in 1 is UAS. In addition, V 5 satisfies , it is obvious that for a marine surface vessel, the roll angle is saturated by a maximum value φ max i.e., φ, φ d ≤ φ max ≤ π/4. Therefore, it yields that sin(φ) g sin[γ p + tan −1 (ẋ˙y )]
It can be concluded that
Hence, Assumption A2 is satisfied.
Assumption A3: This condition has been proven in Theorem 2 that the error dynamics of the autopilot is UAS at the origin.
Since all the three assumptions are satisfied and both the nominal part in system 1 and system 2 have UAS equilibrium points, it can be concluded that the cascade system (58) has a UAS equilibrium point at ϑ = 0.
